
2.  Visibility in Individual Mandatory Federal Class I Areas

A. Introduction

This chapter presents the visibility-related data collected by the IMPROVE particulate monitoring
network and examines the trends at the individual IMPROVE monitoring sites. The sites are presented
alphabetically by state. This state format allows readers to consider all of the data available for a state
in a single section of this chapter. A map is presented for each state to illustrate the location of its
mandatory Federal Class I areas and IMPROVE monitoring sites. The actual locations of several
IMPROVE particulate samplers are not within the boundaries of the mandatory Federal Class I areas
that they represent. However, they are positioned at accessible locations that represent regional visibili-
ty conditions in these areas. An additional ten states and one territory have mandatory Federal Class I
Areas, but five years of data were not yet available from these areas. National and regional trends are
examined in detail in Chapter 3.

The last report to Congress on visibility in mandatory Federal Class I areas (EPA, 1993) was com-
pleted in 1993 and examined data at the IMPROVE sites collected up to that time. Therefore, this report
concentrates on samples collected from 1994 through 1998. However, in the interest of understanding
long-term trends at the individual monitor sites, all of the data associated with monitors (some sites
began data collection as early as 1988) are included in this chapter. The IMPROVE sites included in this
report were required to operate continuously from 1994 through 1998. Data from the monitors not oper-
ating between 1994 and 1998, or not providing five full years of data, were not analyzed for this report.

B. Methodology

The data presented in this chapter were reported by the Cooperative Institute for Research in the
Atmosphere (CIRA) at Colorado State University. Both the raw and summary data are available at
ftp://alta_vista.cira.colostate.edu/DATA/IMPROVE/. This report shows only the summary data at the
seasonal and annual levels. Readers interested in a detailed examination of the data values should con-
tact CIRA directly. Some data points are missing in the graphs of this chapter, due to the data analysis
procedures followed by CIRA. This indicates that complete samples measuring all components were
not collected during that season or year.

The EPA publishes a National Air Quality and Emissions Trends Report that presents long-term
trends data for visibility impairment in the national parks and wilderness areas based on the IMPROVE
data. The 1998 Trends Report compiled the data to report annual trends for a group of 10 eastern sites
and a group of 24 western sites, but did not report on individual sites. The Trends Report required that
13 daily samples (50 percent of the sample days) be available for each of the four seasons at a site
before data from that year was considered complete and included in the regional analysis. This criterion
was not employed for the data sets shown in this report. Instead, this report informs the reader when the
CIRA data sets contain unusually high or low data values. Referring to the first, third, and fifth figures
presenting IMPROVE data for each site, the reader is cautioned that CIRA’s annual information is
based on fewer than four seasons and will be biased toward the seasons in which data were collected.
Please refer to Appendix B for an explanation of the method used to create summary data from raw
IMPROVE data and to Appendix C for an explanation of the methodology used to calculate light
extinction from monitored aerosol mass data.
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The first figure for each IMPROVE monitoring site shows the annual visibility indices for the most-
impaired, least-impaired, and mid-range days from the beginning of the monitor’s operation through
1998. The most-impaired and least-impaired categories reflect the subsets of data that must be examined
to determine compliance with the Regional Haze Rule. The most-impaired (haziest) days have been clas-
sified as the 80th to 100th percentile of the measurement days based on calculated fine mass concentra-
tions. The least-impaired (clearest) days are represented by the 0 to 20th percentile of the measurements
based on calculated fine mass concentrations. The mid-range days are characterized by averaging the
values within the 40th to 60th percentile range.

The discussions addressing the first figure indicate whether or not the data sets show statistically sig-
nificant trends. To determine a statistically significant trend in a data set, the number of times each point
lies above or below its predecessors is first counted. The number of instances of increases and decreases
are then summed. If the difference between the number of increases and the number of decreases is sta-
tistically improbable to be caused by random data fluctuations, then a statistically significant trend is
noted. Appendix D provides a more detailed discussion of the Thiel method utilized to determine
whether or not the observed trend is statistically significant.

The second figure presented for each site shows the average visibility indices for each season during
the operational time of the monitor. The Regional Haze Rule describes visibility impairment in terms of
a deciview haze index. Under this index, uniform changes in haziness correspond to uniform incremental
changes in perception across the entire range of conditions, from pristine to highly impaired (Regional
Haze Regulations, Final Rule, 1999). A single deciview unit is generally considered the minimal percep-
tible change that is observed under either clean or polluted conditions. The reader should refer to Section
1.C of this report for a discussion of the relationship between the deciview index and other scales.

The third and fourth figures presented for each site are pie charts showing the contributions of indi-
vidual pollutant species to the calculated aerosol light extinction coefficients (averaged from 1994
through 1998). At the IMPROVE sites, samples are collected on filters to measure particulate matter less
than 2.5 microns in aerodynamic diameter (PM2.5) and particulate matter less than 10 microns in diame-
ter (PM10). Both filters are weighed, and the mass difference between PM10 and PM2.5 is referred to as
coarse mass. The PM2.5 filter is analyzed to determine the mass of its chemical components. The chemi-
cal components of PM2.5 are grouped into five categories based on their emission sources (refer to Table
1–1): sulfates, nitrates, organic carbon, elemental carbon, and fine soil (crustal material with an aerody-
namic diameter less than 2.5 microns). Based on the relative humidity at the IMPROVE site, the light
extinction coefficients are calculated for each of the categories and then summed together to obtain the
calculated aerosol light extinction coefficients. The pie charts show the percent contribution from each of
the species: sulfates, nitrates, organic carbon, elemental carbon, and crustal material (crustal material is
calculated by summing the fine soil and coarse mass light extinction coefficients).

The fifth figure presented for each site shows the annual aerosol light extinction coefficients during
the operational period of the monitor. Since this figure is presented as the sum of light extinction from
the five species, the reader can see how individual species (i.e., sulfates, nitrates, organic carbon, ele-
mental carbon, and crustal material) varied during the years of operation.

The IMPROVE particulate sampling protocol has changed certain techniques since 1988
(http://vista.cira.colostate.edu/IMPROVE/Data/QA_QC/qa–qc–Branch.htm). Of particular note are the
changes in filter mask size at all eastern and some western sites and the addition of glycerine to the
denuders. Because of the change to filter mask size, sulfate measurements by ion chromatography are
used to examine trends in this report. The addition of glycerine to the denuders beginning June 1, 1996
affected nitrate measurements substantially at all sites. Therefore, this report uses a constant nitrate con-
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centation for all years, chosen as the average measured nitrate concentration for the data set measured
from 1997 to 1999. Therefore, no nitrate trends are reported for the fifth figure in each set.

When reviewing the visibility figures in this chapter, readers are cautioned to carefully examine
the axes on the plots. Although one figure may appear to have large fluctuations in visibility from
year to year, this may be a function of a limited scale on the axis. For example, the aerosol light
extinctions at Denali National Park are twelve times smaller than those at Mammoth Cave
National Park, so the same fluctuation in extinction at both sites would appear more pronounced
at the Denali site. Comparisons between the sites are presented in Chapter 3.

C. General Findings

Investigation into the data at the individual sites revealed some common characteristics among the
sites. These general findings may or may not be noted when examining the regional and national sum-
maries of the data, so they are presented here for the interested reader.

The first figure for each IMPROVE monitoring site presents the visibility indices for three different
data sets: the most-impaired, mid-range, and least-impaired days. When viewing the long-term trends at
the sites, it is apparent that the visibility often improved or declined for one of these data sets while
remaining constant for the other two. Of the sixteen sites that showed an increasing or declining trend
in at least one of the data sets, only the Pinnacles National Monument (CA) site showed the same trend
for all three data sets. To understand why the three data sets may behave differently, the reader must
recognize that the data set from the most-impaired days will be collected under different meteorological
conditions (e.g., wind direction, relative humidity, or temperature) than the data for the least-impaired
days. Since these meteorological conditions affect the formation and transport of ambient pollutants
(and thus visibility), actual changes in upwind emissions over the years may be observed for one data
set but not another.

Meteorological conditions and variations in emissions affect the ambient particulate matter and vis-
ibility indices. Therefore, the reader should not be surprised that the seasonal average visibility indices
(reported in the second figure for each site) are generally different. For 32 of the 42 sites presented in
this chapter, the data from at least one season consistently had higher or lower visibility indices than
the other three seasons. It was also observed that the seasonal figures for the sites showed 29 trends
(out of 168) indicating seasonal improvements in visibility and only one that indicated seasonal
declines in visibility.

The annual and seasonal pie charts showing the contributions of each species to aerosol light
extinction (third and fourth figures for each site) are presented to illustrate the important pollutants that
influence visibility at the individual sites. If the visibility indices are higher during one season than
another, readers may notice that the annual pie chart is weighted toward the higher season and resem-
bles a particular season’s pie chart more than the others. This weighted behavior is an artifact of the
method (Appendix B) by which CIRA calculates the percent contributions from the various species.

Furthermore, from the pie charts, the reader will often note that sulfate contributes more to the
aerosol light extinction than any of the other species. Indeed, ambient sulfate particles are responsible
for more than 30 percent of the light extinction at 37 sites. Both sulfates and nitrates extinguish light to
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a greater degree than do organic carbon, elemental carbon, and crustal material (Appendix C). For
example, at 90 percent relative humidity, sulfate particles will extinguish fourteen times more light than
a similar mass of fine crustal material.1

The fifth figure for each site presents the long-term trends in annual average light extinction for the
five species, and the total aerosol light extinction. Twenty-two sites showed statistically significant
reductions in the light extinction from at least one of the species. Four sites (Big Bend, TX; Brigantine,
NJ; Jarbidge, NV; and Mesa Verde, CO) showed statistically significant increases in the light extinction
from a single species. Only 12 sites showed statistically significant reductions in the annual average
total aerosol light extinction. Of the twelve sites that showed reduction in total aerosol light extinction,
all showed reductions in at least one of the fine species.

State summaries are provided when data from more than one IMPROVE particulate sampler is
reported (Arizona, California, Colorado, Oregon, Texas, Utah, Washington, and Wyoming). The data at
the seven California sites suggested regional similarities when the sites were classified as coastal,
southern, or eastern sites. In other states, similar light extinction coefficients were observed for the dif-
ferent monitor sites within the state unless the relative humidities varied between sites. Higher relative
humidity levels at one site in a state resulted in the calculation of considerably higher sulfate and
nitrate light extinction coefficients and, consequently, higher total aerosol light extinction coefficients.
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1 Appendix C shows that the sulfate concentrations (in µg/m3) are multiplied by the relative humidity correction factor

and 3 m2/g to calculate light extinction (in Mm-1). The fine crustal material concentration is multiplied by 1 m2/g to

calculate light extinction. At 90 percent relative humidity, the correction factor is 4.67. Therefore, at 90 percent relative

humidity, the light extinction coefficient from 1 µg/m3 sulfate would be calculated as 14 Mm-1 (1 x 3 x 4.67), and the

coefficient from 1 µg/m3 fine crustal material would be calculated as only 1 Mm-1 (1 x 1).



D. Visibility Discussions by State

1. ALABAMA

The only IMPROVE monitoring site in Alabama that operated continuously from 1992 through
1998 was located near the Sipsey Wilderness Area. Figure AL–1 shows the Sipsey monitor location
(34.34°N, 87.34°W, elevation 600 feet) in the northern portion of the State.

Sipsey Wilderness Area

The Sipsey IMPROVE particulate sampler started reporting in March of 1992. Figure AL–2 pres-
ents the calculated visibility indices for selected data sets from 1992 through 1998. The figure shows
that from 1992 through 1998 there was no significant trend in the annual average of the visibility index
for the least-impaired days, which remained near 20 deciviews (VR 33 miles). From 1992 through 1998
there was no significant trend in the annual average of the visibility index for the most-impaired days,
which also remained relatively constant near 32 deciviews (VR 10 miles). However, from 1992 to 1995,
the annual average of the visibility index for the mid-range days showed mild improvements in the visi-
bility index as the index dropped from 27 (VR 16 miles) to 24 (VR 22 miles) deciviews but rose again
to 25 deciviews through 1998. This does not represent a statistically significant trend towards improved
visibility.

Figure AL–3 shows the seasonal averages for the calculated visibility index from 1992 through
1998. The visibility indices for summer were higher than those during the autumn, while those for the
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Figure AL–1.  Mandatory Federal Class I Area and IMPROVE Monitoring Site in Alabama



Figure AL–3.  Seasonal Deciview Averages from 1992–1998 for the Sipsey IMPROVE
Particulate Sampler
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Figure AL–2.  Yearly Deciview Averages for Most-Impaired, Mid-Range, and
Least-Impaired Days from 1992-1998 for the Sipsey IMPROVE Particulate Sampler



Figure AL–5. Contribution to Calculated Seasonal Aerosol Light Extinction 
from 1994–1998 for the Sipsey IMPROVE Particulate Sampler

winter and spring remained the lowest (best visibility).
No significant seasonal trends were observed in any of
the four seasons. No data were collected from Jan 18,
1997 through June 14, 1997 at this site. This lack of data
is reflected in Figure AL–3.

Figure AL–4 presents a chart showing the calculated
fractional contribution to Sipsey’s light extinction by each
aerosol component on an annual basis. Figure AL–5
shows the same information for the four seasons. These
five pie charts show that sulfate particles were responsi-
ble for 66 to 81 percent of the light extinction at the
Sipsey site, averaging 74 percent on an annual basis over
a five-year period. The highest sulfate contributions
occurred in the summer and the lowest in the winter. The
contributions from nitrates ranged from 6 to 11 percent
depending on the season (with the highest observed
nitrate percentages in the winter). The contributions from
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organic carbon ranged from 7 percent in the summer to 14 percent in the spring. Annually, elemental
carbon and crustal material measured at the Sipsey site were each responsible for approximately 5 and
3 percent of the calculated aerosol light extinction.

Figure AL–6 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Sipsey site from 1992 to 1998. Over the seven-year peri-
od the total annual aerosol light extinctions remained between 115 and 142 Mm-1 (no significant trend).
No statistically significant trends were noted in the annual light extinctions calculated for sulfates,
organic carbon, elemental carbon, or crustal material. 
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Figure AL–6. Contributions to Calculated Annual Aerosol Light Extinction
from 1992–1998 for Sipsey IMPROVE Particulate Sampler
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2. ALASKA

The only IMPROVE monitoring site in Alaska that operated continuously from 1994 through 1998
was the one located in Denali National Park. Figure AK–1 shows the Denali monitor location 
(63.73°N, 148.97°W, elevation 2100 feet) in central Alaska. The Bering Sea, Tuxedni, and Simeonof
Wilderness Areas are also covered by the Regional Haze Rule but did not have IMPROVE monitors
operating from 1994 through 1998, and thus are not included in the analysis described below.

Denali National Park

The Denali IMPROVE particulate sampler started reporting in March of 1988. Figure AK–2 pres-
ents the calculated visibility indices for selected data sets from 1988 through 1998. From 1988 through
1998 there was no statistically significant trend in the annual average of the visibility index for the
most-impaired days, which remained relatively constant, near 11 deciviews (VR 80 miles). Similarly,
the annual average of the visibility index for the mid-range days showed no improvements in the visi-
bility index that remained near 6.3 deciviews (VR 130 miles). Figure AK–2 shows that from 1988
through 1998 (except the year 1990) the annual average of the visibility index for the least-impaired
days remained near 4.0 deciviews (VR 165 miles) with no statistically significant trend.

Figure AK–3 shows the seasonal averages for the calculated visibility index from 1988 through
1998. The visibility indices for the summer and spring were generally slightly higher than those during
the fall and winter. No significant seasonal trends were observed in the calculated visibility indices for

Figure AK–1. Mandatory Federal Class I Areas and IMPROVE Monitoring Site in Alaska



Figure AK–3. Seasonal Deciview Averages from 1988–1998 for the Denali IMPROVE
Particulate Sampler
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Figure AK–2. Yearly Deciview Averages for Most-Impaired, Mid-Range, and Least-
Impaired Days from 1988–1998 for the Denali IMPROVE Particulate Sampler



Figure AK–5. Contribution to Calculated Seasonal Aerosol Light Extinction
from 1994–1998 for the Denali IMPROVE Particulate Sampler
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spring, summer, or autumn over this time period, but the
indices for winter showed an improvement from 7.5 to 5.5
deciviews (VR from 115 to 140 miles).

Figure AK–4 presents a chart showing the calculated
fractional contribution to Denali’s light extinction by each
aerosol component on an annual basis. Figure AK–5
shows the same information for the four seasons. These
five pie charts show that sulfate particles were responsible
for 32 to 49 percent of the light extinction at the Denali
site, averaging 43 percent on an annual basis over a five-
year period. The contributions from nitrates ranged from 4
to 7 percent depending on the season, with the highest
observed nitrate percentages in the autumn. The contribu-
tions from organic carbon remained relatively constant,
near 17 percent in the autumn, winter, and spring, but rose
to 36 percent in the summer. On an annual basis, elemen-
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tal carbon and crustal material measured at the Denali site were each responsible for approximately 10
and 19 percent of the calculated aerosol light extinction.

Figure AK–6 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Denali site from 1988 to 1998. Over the eleven-year
period, there was a decreasing trend in the total annual aerosol light extinctions, but it was not statisti-
cally significant. No significant trends were noted in the annual light extinctions calculated for sulfates,
organic carbon, or elemental carbon. The crustal material contribution to the aerosol light extinction
was noticeably smaller in the late 1990’s than earlier years, but no statistically significant trend in
crustal material contributions was observed over the entire eleven year period.

The variations in visibility and light extinction from year to year appear significant in Figures
AK–2, AK–3, and AK–6 compared to the graphs shown for other IMPROVE monitor sites. However,
the calculated visibility impairment at Denali National Park was much lower than at other sites, so the
smaller scales on the figures exaggerate the variations from year to year.
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Figure AK–6. Contributions to Calculated Annual Aerosol Light Extinction from
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3. ARIZONA

Arizona has twelve mandatory Federal Class I areas. The five IMPROVE particulate samplers in
Arizona that operated continuously from 1994 through 1998 were located at Chiricahua National
Monument (32.02°N, 109.35°W, elevation 5400 feet), south rim of Grand Canyon National Park
(36.07°N, 112.15°W, elevation 6800 feet), Indian Garden in Grand Canyon National Park (36.07°N,
112.13°W, elevation 3800 feet), Petrified Forest National Park (35.07°N, 109.77°W, elevation 5800
feet), and Tonto National Monument (33.65°N, 111.11°W, elevation 2600 feet). Figure AZ–1 shows the
monitoring locations in the national parks and wilderness areas throughout the state. The Sycamore
Canyon, Pine Mountain, Mazatzal, Mount Baldy, Sierra Ancha, Superstition, Galiuro, and Saguaro
Wilderness Areas are also covered by the Regional Haze Rule, but did not have an IMPROVE particu-
late sampler operating from 1994 through 1998. Limited monitoring was also done during this period
at Saguaro National Park and Sycamore Canyon, Sierra Ancha, Galiuro, Mazatzal, and Chiricahua
Wilderness Areas. The Yavapai-Apache Tribal Government has redesignated their lands as Class I,
although this area is not covered by the Regional Haze Rule.
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Figure AZ–1. Mandatory Federal Class I Areas and IMPROVE Monitoring Sites in Arizona
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Chiricahua National Monument

The Chiricahua IMPROVE particulate sampler started reporting in March of 1988. Figure AZ–2
presents the calculated visibility indices for selected data sets from 1988 through 1998. From 1988
through 1998 there was no statistically significant trend in the annual average of the visibility index for
the most-impaired days, which remained between 12 and 15 deciviews (VR between 75 and 55 miles).
Similarly, from 1988 through 1998 there was no statistically significant trend in the annual average of
the visibility index for the mid-range days, which remained near 10 deciviews (VR 90 miles). However,
the visibility indices on the least-impaired days rose from 6 to 7 deciviews (VR from 135 to 120 miles),
showing a statistically significant trend toward greater visibility impairment.

Figure AZ–3 shows the seasonal averages for the calculated visibility index from 1988 through
1998. The visibility indices for summer (VR 75 miles) were higher than the other seasons, followed by
autumn (VR 90 miles), then spring (VR 95 miles), and finally winter (VR 100 miles). No significant
seasonal trends were observed in any of the seasons over the time period from 1988 to 1998.
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Figure AZ–2. Yearly Deciview Averages for Most-Impaired, Mid-Range, and Least-Impaired
Days from 1988–1998 for the Chiricahua IMPROVE Particulate Sampler



Figure AZ–4 presents a chart showing the calculat-
ed fractional contribution to Chiricahua’s light extinc-
tion by each aerosol component on an annual basis.
Figure AZ–5 shows the same information for the four
seasons. These five pie charts show that sulfate parti-
cles were responsible for 33 to 52 percent of the light
extinction at the Chiricahua site, averaging 47 percent
on an annual basis over a five-year period. The contri-
butions from nitrates ranged from 4 to 8 percent over
the seasons, and the contributions from organic carbon
remained relatively constant, near 20 percent in all four
seasons. Elemental carbon measured at the Chiricahua
site was responsible for 6 to 9 percent of the calculated
aerosol light extinction in all four seasons. The contri-
butions from crustal material remained near 19 percent
in the summer, autumn, and winter, but rose to 34 per-
cent in the spring season.
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Figure AZ–3. Seasonal Deciview Averages from 1988–1998
for the Chiricahua IMPROVE Particulate Sampler
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Figure AZ–6 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Chiricahua site from 1988 to 1998. Over the eleven-year
period the total annual aerosol light extinction remained near 18 Mm-1 (no significant trend). No signif-
icant trends were noted in the annual light extinctions calculated for sulfates, organic carbon, elemental
carbon, or crustal material.
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Grand Canyon National Park (South Rim)

The Grand Canyon (South Rim) IMPROVE particulate sampler (GRCA) operated at the Hopi Fire
Tower from March 1988 through August 1998. This site discontinued monitoring in August 1998 after
the new Hance station was fully established at Grandview Point approximately 15 miles away. The
movement of the IMPROVE monitoring location was based on several factors. Two important reasons
(Bowman, 2000) included: 1) the transmissometer and nephelometer devices (instruments that monitor
light extinction) were set to operate at the Hance site, and 2) the Hopi Fire Tower site is close enough
to roads and Grand Canyon Village to be affected by local emission sources under certain wind condi-
tions. Because of the importance of the Grand Canyon to the Regional Haze Rule, the information
available from that site is included in this report despite the lack of a complete data set between 1994
and 1998.

Figure AZ–7 presents the calculated visibility indices for selected data sets from 1989 through 1997.
The figure shows that from 1989 through 1997 there was no statistically significant trend in the annual
average of the visibility index for the most-impaired days, which remained near 12 deciviews (VR 75
miles). From 1989 through 1997 there was no statistically significant trend in the annual average of the
visibility index for the mid-range days, which remained relatively constant near 9 deciviews (VR 100
miles). Similarly, from 1989 through 1997 there was no significant trend in the annual average of the
visibility index for the least-impaired days, which remained near 5.6 deciviews (VR 140 miles).
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from 1994–1998 for the Chiricahua IMPROVE Particulate Sampler
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Figure AZ–7. Yearly Deciview Averages for Most-Impaired, Mid-Range,
and Least-Impaired Days from 1989–1997 for the Grand Canyon IMPROVE Particulate Sampler

Figure AZ–8 shows the seasonal averages for the calculated visibility index from 1988 through
1998. No data were available for the Grand Canyon site from August 29, 1998 through December 31,
1998, so the autumn and winter 1998 summary data points were not available for Figure AZ–8 or for
inclusion in the summaries of Figures AZ–9 and AZ–10. The visibility indices for all four seasons are
similar. From 1988 to 1998, the seasonal visibility indices ranged from 7 to 12 deciviews, and no sig-
nificant seasonal trends were observed for any of the seasons.



Figure AZ–9. Contribution to Calculated
Annual Aerosol Light Extinction from
1994–1997 for the Grand Canyon

IMPROVE Particulate Sampler

Figure AZ–9 presents a chart showing the calculat-
ed fractional contribution to Grand Canyon’s light
extinction by each aerosol component on an annual
basis. Figure AZ–10 shows the same information for
the four seasons. These five pie charts show that sulfate
particles were responsible for 34 to 38 percent of the
light extinction at the Grand Canyon site, averaging 37
percent on an annual basis over a five-year period. The
contributions from nitrates ranged from 5 to 14 percent
over the seasons, and the contributions from organic
carbon ranged from 15 to 22 percent. Elemental carbon
measured at the Grand Canyon site was responsible for
9 to 12 percent of the calculated aerosol light extinc-
tion in all four seasons. The contributions from crustal
material represented between 22 and 30 percent of the
seasonal aerosol light extinctions.
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Figure AZ–8. Seasonal Deciview Averages from 1989–1998
for the Grand Canyon IMPROVE Particulate Sampler
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Figure AZ–11 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Grand Canyon site from 1989 to 1997. Over this period
there was no statistically significant trend toward improved visibility, despite the high value observed in
1990. No significant trends were noted in the annual light extinctions calculated for sulfates, elemental
carbon, or crustal material. However, the contributions from organic carbon to the light extinction coef-
ficient decreased over the time period due to a significant decrease in the concentrations of this
species.
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Grand Canyon National Park (Indian Garden)

The Grand Canyon (Indian Garden) IMPROVE particulate sampler (INGA) started reporting in
October of 1989. Figure AZ–12 presents the calculated visibility indices for selected data sets from
1990 through 1998. The figure shows that from 1990 through 1998 there was no significant trend in
the annual average of the visibility index for the least-impaired days, which remained near 6.5
deciviews (VR 130 miles). From 1990 through 1998 there was no significant trend in the annual aver-
age of the visibility index for the most-impaired days, which remained near 13 deciviews (VR 65
miles). Similarly, from 1990 through 1998 there was no significant trend in the annual average of the
visibility index for the mid-range days, which remained near 10 deciviews (VR 90 miles).

Figure AZ–13 shows the seasonal averages for the calculated visibility index from 1990 through
1998. The visibility indices for summer (VR 75 miles) were higher than the other seasons (VR 90
miles). No statistically significant seasonal trends were observed in spring, summer, or autumn over the
time period from 1990 to 1998. The summer coarse mass concentrations at the monitor site almost
tripled from 1996 to 1997, causing the elevated visibility index for summer 1997. Similarly, unusually
low sulfate concentrations were observed during the autumns of 1996 and 1997, causing depressed vis-
ibility indices for these two autumns (Figure AZ–13,) but no statistically significant trend resulted.
However, the winter indices did show a statistically significant improvement in visibility conditions
(VR rose from 90 to 105 miles).
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Figure AZ–11. Contributions to Calculated Annual Aerosol Light Extinction
from 1989–1997 for the Grand Canyon IMPROVE Particulate Sampler



Figure AZ–13. Seasonal Deciview Averages from 1990–1998
for the Indian Garden IMPROVE Particulate Sampler

Visibility in Mandatory Federal Class I Areas (1994–1998): A Report to Congress

2–22 November 2001

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

4

6

8

10

12

14

16

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

Year

V
is

ib
ili

ty
 In

d
ex

 (
D

ec
iv

ie
w

s)

Most-Impaired

Mid-Range

Least-Impaired

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

7

8

9

10

11

12

13

14

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998
Year 

  
  

V
is

ib
ili

ty
 I

n
d

ex
 (

D
ec

iv
ie

w
s)

  
  

  
 

Spring Summer Autumn Winter

Figure AZ–12. Yearly Deciview Averages for Most-Impaired, Mid-Range,
and Least-Impaired Days from 1990–1998 for the Indian Garden IMPROVE Particulate Sampler



Figure AZ–15. Contribution to Calculated Seasonal Aerosol Light Extinction
from 1994–1998 for the Indian Garden IMPROVE Particulate Sampler

Figure AZ–14 presents a chart showing the calcu-
lated fractional contribution to Indian Garden’s light
extinction by each aerosol component on an annual
basis. Figure AZ–15 shows the same information for
the four seasons. These five pie charts show that sulfate
particles were responsible for 27 to 35 percent of the
light extinction at the Indian Garden site, averaging 30
percent on an annual basis over a five-year period. The
contributions from nitrates ranged from 4 to 10 percent
over the seasons, and the contributions from organic
carbon remained relatively constant, between 24 and 29
percent in all four seasons. Elemental carbon measured
at the Indian Garden site was responsible for 9 to 12
percent of the calculated aerosol light extinction in all
four seasons. The contributions from crustal material
remained near 32 percent in the spring and summer,
but then dropped to 25 percent in autumn and 20 per-
cent in the winter.
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Figure AZ–14. Contribution to
Calculated Annual Aerosol Light

Extinction from 1994–1998 for the Indian
Garden IMPROVE Particulate Sampler
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Figure AZ–16 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Indian Garden site from 1990 to 1998. Over the nine-
year period, the total annual aerosol light extinctions remained near 18 Mm-1 (no significant trend). No
significant trends were noted in the annual light extinctions calculated for organic carbon, elemental
carbon, or crustal material. The sulfates showed significant decreases in their contribution to the light
extinction coefficients, indicating lower ambient concentrations.

Petrified Forest National Park

The Petrified Forest IMPROVE particulate sampler started reporting in March of 1988. Figure
AZ–17 presents the calculated visibility indices for selected data sets from 1988 through 1998. From
1990 through 1993 there was a decreasing trend in the annual average of the visibility index for the mid-
range days, which dropped from 11 to 9.5 deciviews (VR from 80 to 95 miles). However, the trend did
not continue long enough to be considered statistically significant. From 1990 through 1993 there
appears to be a trend toward improved visibility in the annual average of the visibility index for the least-
impaired days, but this drop from values greater than 8 deciviews to 7 deciviews in the late 1990s did
not qualify as statistically significant because the downward trend did not continue after 1993. Similarly,
the drop from 14 to 13 deciviews on the most-impaired days (Figure AZ–17) was not statistically signifi-
cant because the trend did not continue.

Figure AZ–18 shows the seasonal averages for the calculated visibility index from 1988 through
1998. The seasonal visibility indices were not discernibly higher in one season than the others. The
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Figure AZ–16. Contributions to Calculated Annual Aerosol Light Extinction
from 1990–1998 for the Indian Garden IMPROVE Particulate Sampler



Figure AZ–18. Seasonal Deciview Averages from 1988–1998 for
the Petrified Forest IMPROVE Particulate Sampler
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Figure AZ–17. Yearly Deciview Averages for Most-Impaired, Mid-Range,
and Least-Impaired Days from 1988–1998 for the Petrified Forest 

IMPROVE Particulate Sampler
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winter and summer seasons showed statistically signifi-
cant trends toward lower visibility indices, indicating
improvements in visibility of approximately 2.3 and 1.5
deciviews. The indices for the spring and autumn did
not show statistically significant trends toward
improved visibility.

Figure AZ–19 presents a chart showing the calculat-
ed fractional contribution to the Petrified Forest’s light
extinction by each aerosol component on an annual
basis. Figure AZ–20 shows the same information for
the four seasons. These five pie charts show that sulfate
particles were responsible for 29 to 41 percent of the
light extinction at the Petrified Forest site, averaging 35
percent on an annual basis over a five-year period. The
contributions from nitrates ranged from 5 to 10 percent
over the seasons, and the contributions from organic
carbon remained relatively constant, between 23 and 26
percent. Elemental carbon measured at the Petrified

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

Sulfate
35%

Organic 
Carbon

25%

Elemental 
Carbon

14% Crustal 
Material

19%

Nitrate
7%

Figure AZ–19. Contribution 
to Calculated Annual Aerosol 

Light Extinction from1994–1998 
for the Petrified Forest IMPROVE

Particulate Sampler

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

Sulfate
29%

Organic 
Carbon

26%

Crustal 
Material

27%

Elemental 
Carbon

12%

Nitrate
6%

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

Sulfate
41%

Organic 
Carbon

24%

Crustal 
Material

19%

Nitrate
5%

Elemental 
Carbon

11%

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

Sulfate
36%

Organic 
Carbon

26%

Nitrate
6%

Crustal 
Material

17%

Elemental 
Carbon

15%

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

Sulfate
37%

Organic 
Carbon

23%

Nitrate
10%

Crustal 
Material

14%

Elemental 
Carbon

16%

Figure AZ–20. Contribution to Calculated Annual Aerosol Light Extinction
from 1994–1998 for the Petrified Forest IMPROVE Particulate Sampler

Spring Summer

Autumn Winter



Individual Areas—Arizona

November 2001 2–27

Forest site was responsible for 11 to 16 percent of the calculated aerosol light extinction in all four sea-
sons. The contributions from crustal material were near 27 percent in the spring but then dropped in the
subsequent seasons to 19, 17, and 14 percent in summer, autumn, and winter.

Figure AZ–21 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Petrified Forest site from 1988 to 1998. Over the eleven-
year period, there was a significant decreasing trend in the total annual aerosol light extinction from
approximately 20 to 17 Mm-1, indicating improved visibility. No significant trends were noted in the
annual light extinctions calculated for sulfates or crustal material. However, the organic and elemental
carbons showed significant decreases in their contribution to the light extinction coefficients, indicating
lower ambient concentrations.

Tonto National Monument

The Tonto IMPROVE particulate sampler started reporting in April of 1988. Figure AZ–22 presents
the calculated visibility indices for selected data sets from 1988 through 1998. The figure shows that
between 1988 and 1998 there was no significant trend in the annual average of the visibility index for
the most-impaired days, which remained constant near 14 deciviews (VR 60 miles). From 1988 to 1998
there was no statistically significant trend toward improved visibility in the annual average of the visibil-
ity index for the mid-range days, which remained near 11 deciviews (VR 80 miles). Similarly, from 1988
to 1998 there was no statistically significant trend toward improved visibility in the annual average of
the visibility index for the least-impaired days, which remained near 7.7 deciviews (VR 110 miles).
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Figure AZ–21. Contributions to Calculated Annual Aerosol Light Extinction
from 1988–1998 for Petrified Forest IMPROVE Particulate Sampler



Figure AZ–23 shows the seasonal averages for the calculated visibility index from 1988 through
1998. Coarse mass was not measured at this site between July 8, 1992 and December 2, 1992, and
therefore, no autumn 1992 value was calculated. Interested readers can view the data for other species
at http://improve.cnl.ucdavis.edu/cgi-bin/SSDisplay.cgi. No significant seasonal trends were observed
in the spring, summer, or autumn from 1988 to 1998. However, the winter season showed a statistically
significant trend toward lower visibility indices, indicating an improvement in visibility of more than 1
deciview.
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Figure AZ–22. Yearly Deciview Averages for Most-Impaired, Mid-Range,
and Least-Impaired Days from 1988–1998 for the Tonto IMPROVE Particulate Sampler



Figure AZ–24 presents a chart showing the calcu-
lated fractional contribution to Tonto’s light extinction
by each aerosol component on an annual basis. Figure
AZ–25 shows the same information for the four sea-
sons. These five pie charts show that sulfate particles
were responsible for 25 to 35 percent of the light
extinction at the Tonto site, averaging 30 percent on an
annual basis over a five-year period. The contributions
from nitrates were near 6 percent in spring, summer,
and autumn, but rose to 11 percent in the winter. The
contributions from organic carbon remained relatively
constant, between 23 and 28 percent in all four sea-
sons. Elemental carbon measured at the Tonto
National Monument site was responsible for 10 per-
cent of the calculated aerosol light extinction in spring
and summer, but rose to approximately 14 percent in
the autumn and winter. The contributions from crustal
material were near 32 percent in the spring but then
dropped in the subsequent seasons to 26, 24, and 20
percent in summer, autumn, and winter.
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Figure AZ–23. Seasonal Deciview Averages from 1988–1998 for the Tonto IMPROVE
Particulate Sampler
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Spring Summer

Autumn Winter

Figure AZ–26 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Tonto National Monument site from 1988 to 1998. Over
the eleven-year period, there was a statistically significant decreasing trend in the total annual aerosol
light extinctions from approximately 22 to 20 Mm-1, indicating improved visibility. No significant
trends were noted in the annual light extinctions calculated for organic carbon, elemental carbon, or
crustal material. However, the sulfates showed statistically significant decreases in their contribution to
the light extinction coefficients, indicating lower ambient concentrations.



Table AZ–1. Arizona Calculated Total Extinction Coefficients from 1994–1998

Arizona State Summary

The calculated annual average aerosol extinction coefficients at Arizona’s IMPROVE monitoring
sites are presented in Table AZ–1. The calculated total aerosol extinction coefficients at all five sites
were within 20 percent of the average (17.6 Mm-1), indicating similar annual visibility conditions at all
sites. The extinction coefficients for the individual species were also similar at the different sites. All
five sites also showed similar rankings for contributions of the species to light extinction: sulfate, fol-
lowed by organic carbon and crustal material, then elemental carbon, and lastly nitrate. The same rank-
ings were observed for the Colorado, Texas, and Wyoming sites in Tables CO–1, TX–1, and WY–1.
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Figure AZ–26. Contributions to Calculated Annual Aerosol Light Extinction
from 1988–1998 for the Tonto IMPROVE Particulate Sampler

4.2 ± 0.9

IMPROVE Site

Calculated Total
Aerosol Extinction
Coefficient (Mm-1)

Pollutant Extinction Coefficient (Mm-1)

Sulfate Nitrate
Organic
Carbon

Elemental
Carbon

Crustal
Material

8.4Chiricahua NM 18.5 0.9 3.6 1.4 4.1

Grand Canyon NP (GRCA) 14.4 5.5 1.1 2.8 1.4 3.6

Grand Canyon NP (INGA) 18.3 5.6 1.1 4.8 1.8 5.1

Petrified Forest NP 16.6 6.1 1.1 4.1 2.3 3.1

Tonto NM 20.1 6.1 1.4 5.1 2.4 5.2

Average 17.6 ±2.2 6.3 ± 1.2 1.1 ± 0.2 4.1 ± 0.9 1.8 ± 0.5
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4. ARKANSAS

The only IMPROVE monitoring site in Arkansas that operated continuously from 1994 through
1998 was located near the Upper Buffalo Wilderness Area. Figure AR–1 shows the Upper Buffalo
monitor location (35.83°N, 93.21°W, elevation 2360 feet) near the wilderness area in northern
Arkansas. The Caney Creek Wilderness Area is also designated as a mandatory Federal Class I area
covered by the Regional Haze Rule, but no IMPROVE particulate sampler has been installed at this
site.

Upper Buffalo Wilderness Area

The Upper Buffalo IMPROVE particulate sampler started reporting in December of 1991. Figure
AR–2 presents the calculated visibility indices for selected data sets in 1992 through 1998. The figure
shows that from 1992 through 1998 there was no significant trend in the annual average of the visibili-
ty index for the most-impaired days, which remained near 27 deciviews (VR 16 miles). From 1992
through 1998, there was no significant trend in the annual average of the visibility index for the mid-
range days, which remained relatively constant near 20 deciviews (VR 33 miles). Similarly, the annual
average of the visibility index for the least-impaired days showed no significant trend in the visibility
index of 13.5 deciviews (VR 65 miles).

Figure AR–3 shows the seasonal averages for the calculated visibility index from 1992 through
1998. Coarse mass data for spring 1992 was not reported. Therefore, no spring 1992 value is reflected
in Figure AR–3. Interested readers should consult http://improve.cnl.ucdavis.edu/cgi-bin/SSDisplay.cgi

Figure AR–1. Mandatory Federal Class I Areas and IMPROVE Monitoring Site in Arkansas



Figure AR–3. Seasonal Deciview Averages from 1992–1998 for
the Upper Buffalo IMPROVE Particulate Sampler
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Figure AR–2. Yearly Deciview Averages for Most-Impaired, Mid-Range, and Least-Impaired
Days from 1992–1998 for the Upper Buffalo IMPROVE Particulate Sampler



Figure AR–5. Contribution to Calculated Seasonal Aerosol Light Extinction
from 1994–1998 for the Upper Buffalo IMPROVE Particulate Sampler
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for additional data. The average visibility indices for
summer were 3 to 8 deciviews higher than those during
the autumn, winter, and spring. No statistically signifi-
cant seasonal trends were observed in the calculated
visibility indices over this time period for any of the
seasons.

Figure AR–4 presents a chart showing the calculat-
ed fractional contribution to Upper Buffalo’s light
extinction by each aerosol component on an annual
basis. Figure AR–5 shows the same information for the
four seasons. These five pie charts show that sulfate
particles were responsible for 55 to 70 percent of the
light extinction at the Upper Buffalo site, averaging 63
percent on an annual basis over a five-year period. The
highest sulfate contributions occurred in the summer
and the lowest in the winter. The contributions from
nitrates were 13, 9, 13, and 19 percent for the spring,
summer, autumn, and winter, averaging just 12 percent
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Figure AR–4. Contribution to Calculated
Annual Aerosol Light Extinction from

1994–1998 for the Upper Buffalo
IMPROVE Particulate Sampler
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on an annual basis. The contributions from organic carbon ranged from 12 to 14 percent during the
four seasons. Annually, elemental carbon and crustal material measured at the Upper Buffalo site were
responsible for approximately 5 and 6 percent of the calculated aerosol light extinction.

Figure AR–6 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Upper Buffalo site from 1992 to 1998. Over the seven-
year period, the total annual aerosol light extinctions remained between 63 and 80 Mm-1 (no significant
trend). No significant trends were noted in the annual light extinctions calculated for sulfates, organic
carbon, or elemental carbon. However, the crustal material showed statistically significant decreases in
its annual contribution to the light extinction coefficients, indicating lower ambient concentrations.
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Figure AR–6. Contributions to Calculated Annual Aerosol Light Extinction from 1992–1998
for the Upper Buffalo IMPROVE Particulate Sampler
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Figure CA–1. Mandatory Federal Class I Areas and IMPROVE Monitoring Sites in California
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Lassen Volcanic National Park

The Lassen Volcanic IMPROVE particulate sampler started reporting in March of 1988. Figure
CA–2 presents the calculated visibility indices at Lassen Volcanic National Park for selected data sets
from 1988 through 1998. The figure shows that from 1988 through 1998 there was no significant trend
in the annual average of the visibility index for the most-impaired days, which remained between 12
and 15.3 deciviews (VR 75 to 55 miles). From 1988 through 1998 there was no statistically significant
trend indicating improved visibility in the annual average of the visibility index for the mid-range days,
which remained near 8 or 9 deciviews (VR 110 or 100 miles) through 1997 and then rose to 10
deciviews in 1998. The 1998 rise was attributed to an increase in organic carbon and elemental carbon
concentrations, a common effect during fire episodes. For example, the total carbon concentration
measured on October 10, 1998 rose over eight times its average value; Lassen Volcanic Park personnel
(Arnold, 2000) confirmed prescribed burning activities a few miles from the monitor site during the
first full week in October 1998. The annual average of the visibility index for the least-impaired days
remained near 4.5 deciviews (VR 155 miles), indicating no statistically significant trend toward
improved visibility on the least-impaired days.

Figure CA–3 shows the seasonal averages for the calculated visibility index from 1988 through
1998. The average visibility indices for summer were 2 to 4 deciviews higher than those during the
spring and autumn, and the visibility indices for the spring and autumn were 1 to 3 deciviews above the
indices for winter. No significant seasonal trends were observed in the calculated visibility indices over
this time period for the spring, summer, or autumn. However, the winter indices decreased 2 deciviews
with a statistically significant trend, indicating improved visibility during that season.
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Figure CA–2. Yearly Deciview Averages for Most-Impaired, Mid-Range, and Least-Impaired
Days from 1988–1998 for the Lassen Volcanic IMPROVE Particulate Sampler
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Figure CA–3. Seasonal Deciview Averages from 1988–1998
for the Lassen Volcanic IMPROVE Particulate Sampler

Figure CA–4 presents a chart showing the calcu-
lated fractional contribution to Lassen Volcanic
National Park’s light extinction by each aerosol
species on an annual basis. Figure CA–5 shows the
same information for the four seasons. These five pie
charts show that sulfate particles were responsible for
20 to 43 percent of the light extinction at the site,
averaging 31 percent on an annual basis over a five-
year period. The highest sulfate contributions
occurred in the summer and the lowest in the winter.
The contributions from nitrates were between 7 and
18 percent over the four seasons. The contributions
from organic carbon ranged from 28 to 45 percent
during the four seasons, with the highest percentages
occurring in the autumn and winter. Annually, ele-
mental carbon measured at the Lassen Volcanic site
was responsible for 9 to 15 percent of the calculated
aerosol light extinction. Crustal material contributions
to the light extinction coefficient varied from 11 to 16
percent in the four seasons.

Figure CA–6 shows the calculated contributions
of each of the aerosol mass components to the annual

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

Sulfate
31%

Organic 
Carbon

35%

Elemental 
Carbon

12%

Crustal 
Material

13%

Nitrate
9%

Figure CA–4. Contribution to Calculated
Annual Aerosol Light Extinction from
1994–1998 for the Lassen Volcanic

IMPROVE Particulate Sampler



Visibility in Mandatory Federal Class I Areas (1994–1998): A Report to Congress

2–40 November 2001

average aerosol light extinctions at the Lassen Volcanic site from 1988 to 1998. Statistical analysis
shows that over the eleven-year period there was no statistically significant trend in the total annual
aerosol light extinctions. The extinction coefficients ranged from 12 to 18 Mm-1. Ignoring the 1998
value (when nearby fires affected the visibility impairment in October), the total annual aerosol light
extinction decreased from 17 to 13 Mm-1, indicating a significant trend toward improved visibility. No
significant trends were noted in the annual light extinctions calculated for sulfates, organic carbon, or
elemental carbon. However, the crustal material showed statistically significant decreases in its annual
contribution to the light extinction coefficients, indicating lower ambient concentrations.
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Figure CA–6. Contributions to Calculated Annual Aerosol Light Extinction
from 1988–1998 for the Lassen Volcanic IMPROVE Particulate Sampler

Pinnacles National Monument

The Pinnacles IMPROVE particulate sampler started reporting in March of 1988. Figure CA–7
presents the calculated visibility indices at Pinnacles National Monument for selected data sets from
1988 through 1998. The figure shows that from 1988 through 1998 there was a significant trend indi-
cating improved visibility in the annual average of the visibility index for the most-impaired days,
which dropped from a high of 19.5 deciviews in 1989 to 17.5 deciviews in 1998 (VR from 35 to 40
miles). From 1988 through 1998 there was a significant trend indicating improved visibility in the
annual average of the visibility index for the mid-range days, which decreased from 15 (VR 55 miles)
to 13 deciviews (VR 65 miles). Similarly, the annual average of the visibility index for the least-
impaired days decreased from 10 to 9 deciviews (VR from 90 to 100 miles), indicating a significant
improvement in visibility on the least-impaired days.

Figure CA–8 shows the seasonal averages for the calculated visibility index from 1988 through
1998. The average visibility indices were similar during all four seasons. The indices for winter
dropped 3 deciviews. The statistically significant seasonal trend indicates significant improvements in
visibility occurred.  Even though the indices for spring, summer, and autumn decreased from 1 to 1.4
deciviews over all years, the drops were not uniform enough to be judged statistically significant
trends.



Figure CA–8. Seasonal Deciview Averages from 1988–1998
for the Pinnacles IMPROVE Particulate Sampler
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Figure CA–7. Yearly Deciview Averages for Most-Impaired, Mid-Range, and Least-Impaired
Days from 1988-1998 for the Pinnacles IMPROVE Particulate Sampler



Figure CA–10. Contribution to Calculated Seasonal Aerosol Light Extinction
from 1994–1998 for the Pinnacles IMPROVE Particulate Sampler
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Figure CA–9 presents a chart showing the calcu-
lated fractional contribution to Pinnacle’s light
extinction by each aerosol component on an annual
basis. Figure CA–10 shows the same information
for the four seasons. These five pie charts show that
sulfate particles were responsible for 22 to 37 per-
cent of the light extinction at the site, averaging 30
percent on an annual basis over a five-year period.
The highest sulfate contributions occurred in the
summer and the lowest in the winter. The contribu-
tions from nitrates ranged between 17 and 30 per-
cent, with the highest percentages observed in the
winter. The contributions from organic carbon
ranged from 20 to 26 percent during the four sea-
sons, averaging 23 percent. Seasonally, elemental
carbon measured at the Pinnacles site was responsi-
ble for 8 to 15 percent of the calculated aerosol light
extinction. Crustal material contributions to the light
extinction coefficient varied from 11 to 18 percent
in the four seasons.
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Figure CA–9. Contribution to Calculated
Annual Aerosol Light Extinction Averaged

from 1994–1998 for the Pinnacles
IMPROVE Particulate Sampler
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Figure CA–11 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Pinnacles site from 1988 to 1998. Over the eleven-year
period, there was a statistically significant trend in the total annual aerosol light from approximately 36
to 30 Mm-1, indicating improved visibility. The sulfate and crustal material aerosol species also showed
significant decreases in their contributions to the annual light extinction coefficients. However, the
decreases in organic and elemental carbon light extinction were not statistically significant.
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Figure CA–11. Contributions to Calculated Annual Aerosol Light Extinction
from 1988–1998 for the Pinnacles IMPROVE Particulate Sampler
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Point Reyes Wilderness

The Point Reyes IMPROVE particulate sampler started reporting in March of 1988. Figure CA–12
presents the calculated visibility indices at Point Reyes National Seashore for selected data sets in 1988
through 1998. The figure shows that from 1988 through 1998 there was no significant trend in the
annual average of the visibility index for the most-impaired days, which remained near 22 deciviews
(VR 27 miles). From 1988 through 1998 there was no significant trend indicating improved visibility in
the annual average of the visibility index for the mid-range days, despite the decrease from 16 (VR 50
miles) to 15 deciviews (VR 55 miles). The annual average of the visibility index for the least-impaired
days remained near 12 deciviews (VR 75 miles) over the eleven-year period.

Figure CA–13 shows the seasonal averages for the calculated visibility index from 1988 through
1998. The average visibility indices spanned similar ranges during spring, autumn, and winter, all the
values typically 2 to 4 deciviews lower than summer values. The visibility indices for winter showed a
statistically significant trend toward improved visibility (2.5-deciview improvement over 11 years). The
visibility indices for spring, summer, and autumn showed no statistically significant trends over the
eleven-year period, despite the decreases in the deciview indices for spring and autumn.
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Figure CA–12. Yearly Deciview Averages for Most-Impaired, Mid-Range, and Least-Impaired
Days from 1988–1998 for the Point Reyes IMPROVE Particulate Sampler



Figure CA–14. Contribution to
Calculated Annual Aerosol Light

Extinction from 1994–1998
for the Point Reyes

IMPROVE Particulate Sampler
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Figure CA–14 presents a chart showing the calculated
fractional contribution to Point Reyes’ light extinction by
each aerosol species on an annual basis. Figure CA–15
shows the same information for the four seasons. These
five pie charts show that sulfate particles were responsible
for 35 to 63 percent of the light extinction at the site, aver-
aging 49 percent on an annual basis over a five-year peri-
od. The highest sulfate contributions occurred in the sum-
mer and the lowest in the winter. The contributions from
nitrates ranged between 23 and 27 percent. The contribu-
tions from organic carbon ranged from 5 to 18 percent dur-
ing the four seasons, averaging 11 percent. Annually, ele-
mental carbon measured at the Point Reyes site was
responsible for just 1 to 7 percent of the calculated aerosol
light extinction. Crustal material contributions to the light
extinction coefficient varied from 8 to 15 percent in the
four seasons.
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Figure CA–13. Seasonal Deciview Averages from 1988–1998 for the 
Point Reyes IMPROVE Particulate Sampler
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Figure CA–16 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Point Reyes site from 1988 to 1998. Over the eleven-
year period, there was a significant trend in the total annual aerosol light extinctions, decreasing
approximately 6 Mm-1, indicating improved visibility. The sulfate and organic carbon light extinction
coefficients did not change significantly during the eleven-year period. The other aerosol species (ele-
mental carbon and crustal material) showed significant decreases in their contributions to the annual
light extinction coefficients.
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Redwood National Park

The Redwood IMPROVE particulate sampler started reporting in March of 1988. Figure CA–17
presents the calculated visibility indices at Redwood National Park for selected data sets from 1988
through 1998. The figure shows that from 1988 through 1998 there was a significant trend indicating
improved visibility in the annual average of the visibility index for the most-impaired days, which
decreased from approximately 23 to 21 deciviews (VR from 24 to 30 miles). From 1988 through 1998
there was no significant trend indicating improved visibility in the annual average of the visibility
index for the mid-range days, which remained near 16 deciviews (VR 50 miles). Similarly, the annual
average of the visibility index for the least-impaired days remained near 9 deciviews (VR from 100
miles), with no statistically significant trend.

Figure CA–18 shows the seasonal averages for the calculated visibility index from 1988 through
1998. The average visibility indices are discernibly lower (better visibility) in winter than in the other
three seasons. The indices for spring and summer remained relatively constant over the eleven-year
period. The indices for autumn dropped 2 deciviews, with a statistically significant trend indicating
improved visibility. The indices for winter dropped nearly 3 deciviews over this period and also repre-
sented a statistically significant trend toward improved visibility.
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Figure CA–16. Contributions to Calculated Annual Aerosol Light Extinction
from 1988–1998 for the Point Reyes IMPROVE Particulate Sampler



Figure CA–18. Seasonal Deciview Averages from 1988–1998 for the
Redwood IMPROVE Particulate Sampler
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Figure CA–17. Yearly Deciview Averages for Most-Impaired, Mid-Range, and Least-Impaired
Days from 1988–1998 for the Redwood IMPROVE Particulate Sampler



Figure CA–20. Contribution to Calculated Seasonal Aerosol Light Extinction
from 1994–1998 for the Redwood IMPROVE Particulate Sampler
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Figure CA–19 presents a chart showing the cal-
culated fractional contribution to Redwood’s light
extinction by each aerosol species on an annual
basis. Figure CA–20 shows the same information
for the four seasons. Since the winter light extinc-
tion coefficients were less than half those in the
other seasons, the annual averages presented in
Figure CA–19 appear weighted to the spring, sum-
mer, and autumn readings shown in Figure CA–20.
These five pie charts show that sulfate particles
were responsible for 40 to 67 percent of the light
extinction at the site, averaging 61 percent on an
annual basis over a five-year period. The highest
sulfate contributions occurred in the summer and
the lowest in the winter. The contributions from
nitrates ranged from 13 to 29 percent. The contri-
butions from organic carbon ranged from 8 to 17
percent during the four seasons, averaging 10 per-
cent. Seasonally, elemental carbon measured at the
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Figure CA–19. Contribution to Calculated
Annual Aerosol Light Extinction 

from 1994–1998 for the 
Redwood IMPROVE Particulate Sampler
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Redwood site was responsible for just 2 to 4 percent of the calculated aerosol light extinction. Crustal
material contributions to the light extinction coefficient varied from 8 to 15 percent in the four seasons,
with the winter contribution being the highest.

Figure CA–21 shows the calculated contributions of each of the aerosol mass components to the
annual average aerosol light extinctions at the Redwood site from 1988 to 1998. Over the eleven-year
period, there was a significant trend in the total annual aerosol light extinctions from 48 to 39 
Mm-1, indicating improved visibility. The sulfates and crustal material extinction coefficients did not
show significant trends over this time period. The organic and elemental carbon aerosol species showed
significant decreases in their contributions to the annual light extinction coefficients.

San Gorgonio Wilderness Area 

The San Gorgonio IMPROVE particulate sampler started reporting in March of 1988. Figure
CA–22 presents the calculated visibility indices at San Gorgonio Wilderness Area for selected data sets
from 1988 through 1998. The figure shows that from 1988 through 1998 there was a significant trend
indicating improved visibility in the annual average of the visibility index for the most-impaired days,
which dropped from 24 to 22 deciviews (VR 22 to 27 miles). From 1988 through 1998, there was no
significant trend in the annual average of the visibility index for the mid-range days, which mostly
remained between 16 (VR 50 miles) and 19 deciviews (VR 36 miles). The annual average of the visi-
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Figure CA–21. Contributions to Calculated Annual Aerosol Light Extinction
from 1988–1998 for the Redwood IMPROVE Particulate Sampler
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bility index for the least-impaired days remained near 8 deciviews (VR 110 miles), indicating no signif-
icant trend on the least-impaired days.

Figure CA–23 shows the seasonal averages for the calculated visibility index from 1988 through
1998. The average visibility indices are discernibly lower (better visibility) in autumn and winter than
in the spring and summer. The indices for the autumn and winter did not fluctuate greatly over the
eleven-year period and no statistically significant trend was observed. Both the indices for spring and
summer showed significant trends indicating improved visibility by an average decrease of 2.5
deciviews between 1988 and 1998.

Figure CA–24 presents a chart showing the calculated fractional contribution to San Gorgonio’s
light extinction by each aerosol species on an annual basis. Figure CA–25 shows the same information
for the four seasons. Since the autumn and winter light extinction coefficients were much smaller than
those in spring and summer, the annual averages presented in Figure CA-24 appear weighted to the
spring and summer. These five pie charts show that sulfate particles were responsible for 13 to 25 per-
cent of the light extinction at the site, averaging 23 percent on an annual basis over a five-year period.
The contributions from nitrates ranged between 25 and 65 percent, with the highest percentages in win-
ter. From all of the IMPROVE monitors, the San Gorgonio site has the highest annual nitrate concen-
trations and the highest fractional contributions to light extinction from nitrates. Nitrates represented 39
percent of the light extinction at this site on an annual basis over a five-year period. The contributions
from organic carbon ranged from 10 to 26 percent during the four seasons, with the summer’s percent
contribution being the highest. Seasonally, elemental carbon measured at the San Gorgonio site was
responsible for 6 to 11 percent of the calculated aerosol light extinction. Crustal material contributions
to the light extinction coefficient varied from 6 to 15 percent in the four seasons, with the autumn con-
tribution being the highest.
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Figure CA–22. Yearly Deciview Averages for Most-Impaired, Mid-Range, and Least-Impaired
Days from 1988–1998 for the San Gorgonio IMPROVE Particulate Sampler
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Figure CA–26 shows the calculated contributions of
each of the aerosol mass components to the annual average
aerosol light extinctions at the San Gorgonio site from
1988 to 1998. Over the eleven-year period, there was a sig-
nificant trend in the total annual aerosol light extinctions
from 50 to 42 Mm-1, indicating improved visibility. The
sulfate extinction coefficients did not show a significant
trend over this time period. The other aerosol species
(organic carbon, elemental carbon, and crustal material)
showed significant decreases in their contributions to the
annual light extinction coefficients.
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Figure CA–23. Seasonal Deciview Averages from 1988–1998
for the San Gorgonio IMPROVE Particulate Sampler
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